Human reproduction has benefited significantly by investigating nonhuman primate (NHP) models, especially rhesus macaques. To expand the Old World monkey species available for human reproductive studies, we present protocols in baboons, our closest Old World primate relatives, for assisted reproductive technologies (ART) leading to live born offspring. Baboons complement rhesus by confirming or modifying observations generated in humans often obtained by the study of clinically discarded specimens donated by anonymous infertility patient couples. Here, baboon ART protocols, including oocyte collection, in vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), preimplantation development to blastocyst stage, and embryo transfer techniques are described. With baboon ART methodologies in place, motility during baboon fertilization was investigated by time-lapse video microscopy (TLVM). The first ART baboons produced by ICSI, a pair of male twins, were delivered naturally at 165 days postgestation. Genetic testing of these twins confirmed their ART parental origins and demonstrated that they are unrelated fraternal twins not identicals. These results have implications for ART outcomes, embryonic stem cell (ESC) derivation, and reproductive sciences.
Introduction
Understanding the process of fertilization in humans is vital for the diagnosis and treatment of clinical infertility and birth defects, 1 as well as for discovering our reproductive origins. In addition, the emergence of regenerative medicine and its reliance on pluripotent stem cells (PSCs), especially embryonic stem cells (ESCs), makes it crucial to learn detailed mechanistic information about nuclear and extranuclear contributions from each gamete to the zygote and embryo. Since the development of human ART, 2-5 clinically discarded specimens have been donated by anonymous infertile patient couples for investigations on the process of human fertilization. [6] [7] [8] Although these studies have generated important knowledge, questions remain regarding the normalcy of the human material investigated, because it was developmentally compromised and anonymously donated. To address those concerns, and to verify accuracy, nonhuman primate (NHP) studies using Old World macaques were conducted (reviewed by refs 9,10) . From an evolutionary perspective, baboons are closer to humans than macaques 11, 12 and are readily available as a pedigreed research resource that mirrors many complex disease traits found in humans. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Assisted reproductive technologies (ART) using NHPs have been instrumental in bridging gaps between research in rodents, nearly exclusively using mice, and humans (reviewed by ref [31] [32] [33] [34] . Now 30 years after the birth of the first child conceived by ART, [2] [3] [4] [5] clinical ART practices raise significant biological and medical issues-many of which can best be solved by responsible investigations of NHP ART outcomes. Questions remain regarding the normalcy of epigenetic imprints after ART [35] [36] [37] [38] and NHPs with gametes that display informative polymorphisms in imprinted domains could resolve debates over whether clinical extrapolations of imprinting losses during mouse ART 39 are reasonable. The precise manner in which mouse embryonic axis and body pattern determination are specified is still a matter of lively debate. [39] [40] [41] [42] [43] [44] [45] Because the embryologist determines the site of sperm introduction during intracytoplasmic sperm injection (ICSI), questions can be posed as to whether the specification of embryonic axes after ICSI might be inadvertently manipulated with perhaps unforeseen consequences; again investigations with NHPs can provide solutions. Mitochondrial inheritance 46 and other epigenomic regulators, including microRNAs 47 cannot be definitively investigated using discarded clinical materials, which are donated anonymously and therefore stripped of all crucial pedigree information. Round spermatid injections routinely result in conception in mice, 48, 49 motivating extrapolations to humans. 50 Nonhuman primate studies with spermatids at varying stages demonstrated that only elongated spermatids succeeded, [51] [52] [53] [54] highlighting differences between rodents and primates.
Although in vitro fertilization (IVF) has progressed enormously during the past 30 years of ART, the implantation and maintenance of pregnancies to term remain urgent as research topics to improve the efficiencies of ART and reduce multiple pregnancies (reviewed by ref [55] [56] [57] . Increasingly, highresolution magnetic resonance imaging (MRI) and positron emission tomography (PET) detection of maternalÀfetal dialogues during pregnancy, which can now be noninvasively studied using NHPs, are helping advance these fields significantly. 58 The final rationale for introducing the baboon model involves the burgeoning field of PSC research, with its origins in ESC and germ cell studies, which continues to rely on NHP breakthroughs to set the stage for parallel achievements in humans. NHP ESC lines were established first 59 and human ESCs only described a few years later. 60 Similarly, parthenogenetic ESCs were first characterized in NHPs 61 and several years later in humans. [62] [63] [64] More recently, ESCs were derived from NHP blastocysts generated by somatic cell nuclear transfer, 65 and clinically oriented teams are continuing this research using human 66, 67 or hybrid oocytes. 68 There are many compelling biological and medical rationales for preclinical studies using NHPs. Ironically, however, NHP ART work has remained surprisingly specific-nearly all research is performed with macaques, mostly using rhesus, ideally of Indian origin. This is not unlike rodent ART investigations, which mainly involve laboratory mice and often from inbred strains; indeed mouse ESCs have been available for decades, whereas rat ESCs have only just been generated using unconventional approaches. 35, 36, 69, 70 Because research advances by confirming results in related species, and also because variations exist between related species, we have sought to expand the baboon as an alternative research resource to macaques (review by ref [32] [33] [34] . Previously, Nyachieo et al [32] [33] [34] had shown that the baboon menstrual cycle could be synchronized using oral contraceptives followed by successful ovarian stimulation using a gonadotropin-releasing hormone (GnRH) agonist in combination with human recombinant hormones. The authors showed an average yield of 19 oocytes at retrievals, with an ICSI fertilization rate of 23% to 54% and successful development to the 8-cell stage. No pregnancies were produced after embryo transfer, however.
It is noteworthy that, aside from the apes (in which ART research is nearly impossible now), baboons are the most closely related primate species to humans. 21, 22, 23, 24, 25, 26, [71] [72] [73] In addition, baboons, unlike macaques, are much more readily available and their genetics, physiology, endocrinology, anatomy, and complex disease phenotypes render them as another crucial and, as of yet, underappreciated research resource. Furthermore, the female's prominent sex skin serves as a reliable noninvasive bioassay for pregnancy. To enrich the NHP research resources available for ART, developmental biology, stem cells, and regenerative medicine, we present here our methods for baboon ART. These include animal husbandry, ovarian stimulation, sperm collection protocols, IVF, including ICSI, preimplantation development conditions, embryo transfer procedures, and management strategies for pregnancies.
Materials and Methods

Baboon Selection Criteria
All NHP experiments were conducted in accordance with the guidelines for the Care and Use of Laboratory Animals (National Academy of Science, copyright 1996) and approved by institutional animal care and use committees (IACUCs) at the University of Pittsburgh (#0802725-2) and Southwest Foundation for Biomedical Research (#986 PC). A total of 96 female Baboons (Papio anubis) of breeding age (>5 years; average age ¼ 7.6 years; range: 5.0-16.6 years) were selected for hormonal stimulation and an additional 26 females of proven fertility were selected for embryo transfer after passing a series of health checks (general physical examination, complete blood count (CBC), chemistry panel, palpation of reproductive structures). A daily cycle reading was performed 70 for a minimum of 2 months to ensure stable, regular menstrual cycles in females (average cycle length ¼ 33.5 + 0.5 days; n ¼ 91. Perineal sex skin changes permitted a convenient visual monitoring system to determine female cycle stage (menses onset; ovulation time) without having to resort to daily animal sedation for invasive blood draws and enzyme-linked immunosorbent assasy (ELISA) hormonal assays. As extensively reported by others, we rated the sex skin turgescence via a daily morning visual reading of each female (group housed or individually caged) and assigned a scale reading from 0 to 4, with a value of 4 equated to maximum turgescence. 72, [74] [75] [76] [77] Menses onset generally occurred at the end of minimum turgescence (value ¼ 0) and predicted ovulation determined by counting back 2 days from deturgescence.
Colony Management and Husbandry
Unlike smaller macaques, which can be transferred from cage to cage as individuals, baboon husbandry benefits from group housing for the maintenance of group dynamics. In addition to individual caging of selected female baboons for time periods of <6 months, we also explored whether ovarian stimulation by daily injection was possible while in group housing settings. Harems of 12 to 17 female baboons were housed with a vasectomized male and their cycles monitored by observing both perineal sex skin, as previously described, 72 and menstrual bleeding. Females at the correct stage of their cycle, as determined by menstrual bleeding, were moved through sectioned chutes containing squeeze cages for daily hormone administration by intramuscular or subcutaneous injections. Twelve hours before scheduled surgery, females were isolated in individual chute partitions and food withdrawn prior to anesthesia administration.
Ovarian Stimulation Procedures
We investigated 9 protocols for the hyperstimulation of female baboons (Table 1) , starting on days 1 to 2 from the onset of visible menses ). [32] [33] [34] Protocol I: a single daily intramuscular injection of 60 IU recombinant human follicle-stimulating hormone (r-FSH; Gonal-F; Serono, Randolph, Massachusetts) for 9 days, followed by a final subcutaneous injection of 1000 IU of recombinant human chorionic gonadotropin (r-hCG; Ovidrel; Serono); Protocol II: a daily intramuscular injection of 60 IU r-FSH and daily subcutaneous injection of 0.25 mg/mL of a GnRH agonist (Leuprolide Acetate; Sicor Pharmaceuticals, Irvine, California) for 9 days, the final 3 of which also included 60 IU recombinant human luteinizing hormone (r-hLH; Luveris; Serono) combined with the r-FSH. A final subcutaneous injection of 1000 IU of r-hCG was given to induce oocyte maturation; Protocol III: same as protocol I, except the r-hCG dose was increased to 2500 IU; Protocol IV: same as protocol II but without the agonist and increasing the dose of r-hCG to 2500 IU; Protocol V: a single, daily, combined intramuscular injection of 60 IU r-FSH and 60 IU recombinant human luteinizing hormone (r-hLH; Luveris; Serono) for 9 days, followed by 2500 IU r-hCG administered subcutaneously on day 10; Protocol VI: same as protocol V but with 9 days of agonist administration and an increased dosage of r-hCG to 5000 IU; Protocol VII: an extended hormonal stimulation protocol in which the daily injection containing 60 IU r-FSH and 60 IU r-LH varied between 10 and 13 days, followed by a single subcutaneous injection of 2500 IU r-hCG; this was performed to investigate whether extending hormonal stimulation produced superior quantity and quality oocytes, given the longer menstrual cycle observed in the baboon. Protocol VIII: a combined shot of 60 IU r-FSH and 60 IU r-LH for 13 days with an increase of r-hCG to 5000 IU; and Protocol VIX: same as protocol VII but with an increased dose of r-hCG to 5000 IU. Hormones were administered either subcutaneously or intramuscularly according to the manufacturer's instructions and all hormones were used within the specified expiration date. Of the 96 females employed in this study, 14 were stimulated twice with minimal refractoriness to recombinant hormones observed. Consequently, all results were pooled. For all protocols, ultrasonography (Siemens Sonoline Antares; Model 5936518; Siemens Medical Systems, Inc, Issaquah, Washington) was performed on the day of surgery to confirm that 3 to 4 follicles of >3 to 4 mm were present (Bavister et al, 1983) , indicating that stimulation was ongoing and met the conditions of our approved IACUC protocols to perform laparoscopy. Mature follicles were aspirated by laparoscopy 30 to 32 hours post-hCG 9 using a Cook A.R.T. Echotip Ovum Aspiration Needle (Cook Ob/Gyn; Spencer, Indiana) attached to a vacuum aspiration pump (Cook Aspiration Unit; Model K-MAR-5100; Cook Medical, Inc, Bloomingdale, Indiana) and set to a constant pressure of 90 mm Hg. 78 Multiple individual follicles were aspirated into sterile collection tubes containing TALP-HEPES (TALP -modified Tyrodes culture medium with bovine serum albumin, sodium lactate and sodium pyruvate; HEPES -4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) medium supplemented with heparin and then transported to a dedicated primate ART laboratory ( 5 min) for oocyte recovery and evaluation.
Oocyte Collection and Maturation In Vitro
Aspirates were diluted in 10 mL of warm TALP-HEPES medium supplemented with 2.0 mg/mL hyaluronidase (Sigma, St Louis, Missouri) 78 and passed through an EM Con filter (Immuno Systems, Inc., Spring Valley, Wisconsin). Adhering cumulus cells were stripped from oocytes with a mechanical pipette (Mid-Atlantic Diagnostics, Mount Laurel, New Jersey), quickly sorted according to maturational stage, and placed into TALP media (37 C/5% CO 2 ).
Sperm Collection
Fresh semen from mature male baboons (n ¼ 10; weight range: 21-35 kg; age range: 9-18 years) was collected on the day of oocyte collection using rectal probe ejaculation (P-T Electronics, Boring, Oregon; Model # PET 110 VAC) under approved institutional standard operating procedures (SOP No: SNRPC 485.01). The liquid fraction was separated from the coagulant and motile sperm were isolated using a PureCeption gradient (Sage In-Vitro Fertilization, Inc, Trumbull, Connecticut) according to manufacturer's instructions. Typical concentrations of sperm harvested after the gradient procedure were between 20 and 90 Â 10 À6 sperm per mL, with greater than 70% forward progressive motility and with less than 10% abnormal forms (bent tails; abnormal head structures, etc). Motile sperm were washed once in TALP-HEPES (Hewitson et al.) by centrifugation (200g; 8 minutes) and the sperm resuspended into 500 mL of a fresh media kept at room temperature. Sperm were used for inseminations within 4 to 6 hours post ejaculation.
Intracytoplasmic Sperm Injection
Embryos were conceived from fertile baboons using ICSI and developed to the blastocyst stage. 54 Washed sperm were diluted into sperm-handling media containing polyvinylpyrrolidone (PVP) to reduce motility (Irvine Scientific, Irvine, California). A single motile sperm of normal morphology was aspirated tail first into a 6 to 7 mm beveled micropipette (Humagen, Charlottesville, Virginia) and injected into mature oocytes, avoiding the first polar body. After ICSI, injected oocytes were cultured individually in 25 mL media droplets under sterile mineral oil in TALP for 12 to 16 hours before confirming fertilization. Successful fertilization was defined as zygotes with 2 polar bodies and the presence of 2 pronuclei.
Embryo Culture
After the first division, 2-cell embryos produced in TALP media were individually transferred to 100 mL droplets of CMRL-1066 media containing 10% fetal calf serum (Hyclone Laboratories, Inc, Logan, Utah) with monolayers of buffalo rat liver cells (BRL 1442; American Type Culture Collection, Rockville, Maryland) at 37 C in 5% CO 2 . 54 Embryonic development was scored daily, with changes to fresh CMRL þ BRL coculture plates performed every 2 days until expanded blastocysts were achieved.
Assaying Embryonic Development
Ranked and random growing baboon embryos were analyzed for developmental efficiency in the following ways: (1) In vitro preimplantation development to the blastocyst stage;
(2) Time-lapse video microscopy (TLVM); (3) Embryonic stem cell derivations by inner cell mass (ICM) isolations; and (4) Embryo transfers for the purposes of establishing ART pregnancies.
Time-Lapse Video Microscopy
A total of 41 ICSI fertilized baboon oocytes were imaged by TLVM to observe pronuclear formation, apposition, and cytoplasmic positioning, as well as cleavages for up to 48 hours. Following ICSI, an oocyte was placed into a 35-mm sterile glass bottom dish (Matec, Inc, Ashland, Massachusetts) containing pre-gassed TALP culture medium and immediately placed into a Tokai HIT incubation system (INU system; Tokai, Shizuoka-ken, Japan) on a Nikon TE-300 inverted microscope equipped with Hoffman Modulation Contrast optics. A Plexiglas box with a secondary heater enclosed the entire microscope stage and objectives to ensure accurate control of gas and temperature parameters (5% CO 2 /37 C). Image capture was typically every 10 minutes and accomplished using MetaMorph software (Molecular Devices, Sunnyvale, California). A z-stepper motor (MFC-2000; ASI, Inc, Eugene, Oregon) was used to collect 5-mm optical sections and a Uniblitz shutter (Vincent Associates, Rochester, New York) used to limit halogen light exposure after completing a z-stack collection. Both were controlled by the Metamorph software. Embryonic Stem Cell Derivations by ICM Isolations has been described recently. 79 
Embryo Transfers
Baboon females with at least 3 months of normal menstrual cycles were selected as embryo recipients. Because each recipient females skin sex is read daily, we were able to select recipients with less than 1 to 2 days of variability from the predicted day of ovulation, as determined by time of sex skin deturgescence. 72 Females with large variations in their cycles were excluded as embryo recipients. Heterologous embryo transfers were performed over a range of days after predicted ovulation (Table 3 ). Embryo transfers (ETs) performed 1 to 3 days post ovulation, but before sex skin drop, were accurately staged only after the recipient underwent deturgescence. However, we found our intraanimal accuracy was within 1 to 2 days of predictions. For synchrony of embryo stages with the recipient, we attempted to use fertilized-to-early cleavage stage embryos with recipients staged between days 1 and 4 post ovulation. Late-stage preimplantation embryos were transferred into days 5 to 7 post ovulation recipients, based on when flushed morula and blastocysts were retrieved from naturally mated baboons. 76 Embryo transfers were accomplished by either a midventral, laparoscopic or nonsurgical intrauterine transfer. We chose heterologous embryo transfers since preliminary data indicated that homologous embryo transfers, where embryos are returned to the same female from which the oocytes were collected, did not succeed (n ¼ 12; our unpublished observations). Perhaps high levels of circulating hCG from exogenous hormone stimulation may interfere with homologous embryo transfer (ET) success. For the midventral, laparoscopic embryo transfer, the oviduct was cannulated and up to five 4-cell-to-morula stage ICSI embryos were transferred by a small catheter (Patton Laparoscopic Gift Catheter Introducer Set; Cook Ob/Gyn; Spencer). 51 For intrauterine ET, the cervix was viewed with a vaginal speculum and the external cervical was swabbed with sterile gauze prior to being cannulated (Patton Laparoscopic Gift Catheter Introducer Set; Cook Ob/Gyn; Spencer). A small catheter with up to five morula-to-blastocyst stage embryos was passed through the cannula and into the uterine lumen, with the embryos being deposited near the uterine fundus. 76 Implantation was assessed by visually monitoring sex skin tumescence for pregnancy color changes or until the start of menses, indicating no pregnancy establishment. Blinded DNA samples of the ART twins, their parents and unrelated adults were analyzed by the Primate Pedigree Laboratory at the California National Primate Research Center at UC-Davis by Dr C. Penedo. (77) 494 (90) 450 (82) 385 (70) 289 (53) 180 (33) 106 (19) 13 (2) 2 (15) Group/ Outdoor 47 1746 587 (34) 444 (76) 405 (91) 397 (89) 335 (75) 249 (56) 182 (41) 117 (26) 9 (2) 0 Total 96 3882 1293 (33) 991 (77) 899 (91) 847 (85) 720 (73) 583 (54) 362 (37) 223 (23) 22 (2) 2 (9) Abbreviations: ICSI, intracytoplasmic sperm injection; 2PN, 2-pronuclear stage. Means followed by the same letter do not differ significantly from one another (P .05).
Statistics
We applied the 1-way analysis of variance (ANOVA) test and compared the means + standard deviations for the various stimulation protocols using the multiple range test. Mean values reported in Table 1 and followed by the same letter do not differ significantly from one another (P .05). Table 1 , column k) but provided significantly lower yields of fully mature oocytes for fertilization compared to other stimulation protocols (average: 6-9 usable oocytes; 20%-27% of the total oocytes collected; Table 1 , column l; P ¼ .05). We next investigated stimulation protocols that altered the r-LH administration without inclusion of the GnRH agonist and with increased r-hCG dosage to 2500 IU (Table 1; protocols III, IV, and V). For these, the total oocyte yields increased overall (*35-49 oocytes; Table 1 , column k), as did the average number of mature oocytes for fertilizations over protocols I and II (average: 12-17 usable oocytes; 26%-34% of the total collected; Table 1 , column l; P ¼ .05). However, the best stimulation protocol for producing mature baboon oocytes for fertilization was protocol VI, in which a full 9 days of r-LH and GnRH agonist was used along with increasing r-hCG to 5000 IU (average total oocytes: *68; average mature oocytes: *29 usable oocytes; 43% of total oocytes collected; Table 1 , column k; P ¼ .05). Finally, because Baboons have slightly longer cycle lengths than macaques (33 days vs 28 days; [Pope, #7871]), we investigated whether increasing the length of r-FSH/rLH stimulation beyond the typical 9-day regime was productive (Table 1; protocols VII, VIII, and VIX). We did not detect significant increases in total oocyte yields (average: 37-42 oocytes, Table 1 , column k) or mature oocytes for fertilization (averages: 14-15 oocytes usable oocytes; 33%-36% of total oocytes collected; Table 1 , column l). Indeed, extending the hormonal stimulation protocol consistently produces poorer quality oocytes at collection than with other protocols (our unpublished data), although expanded blastocysts were produced (Table 1 ; column m). Baboon stimulation protocols used here show consistently lower yields in mature oocytes at metaphase II (MII) arrest compared to macaques (range in baboons: 20%-43% MII [see also ref 34) ]; range in rhesus: 44% to 53% MII). 54, 82 Although r-FSH/r-LH produced several follicles per ovary >5 mm on day 11 of the stimulation protocol (average: 5-12; C Castro, personnel communication), indicating good follicular recruitment, nearly two thirds of the total harvested oocytes were immature GV stage oocytes. Increasing r-hCG up to 5000 IU (Table 1 ; column e), doses that was 5 times that reported for use in macaque stimulation protocols, only slightly improved the overall percentage of mature oocytes at aspiration. It is not currently understood why the r-hCG activity is inferior in the baboon. Most collected baboon GVs were fully grown, although attempts to mature these oocytes in vitro met with limited success (our unpublished observations).
Results
Ovarian Stimulation and Oocyte Collection
Finally, the quality of oocytes harvested by the various stimulation protocols can be measured by their ability to produce expanded blastocysts following ICSI fertilization and development in vitro ( Table 1 , column m). Baboon blastocyst rates after 8 to 10 days of in vitro culture were consistently low (range: 0%-6%, Table 1 , column m), regardless of the stimulation protocol used, and much lower than those reported for rhesus macaques (40%-60%). 82 The vast majority of the ICSI fertilized baboon oocytes were cocultured on a customary NHP culture media, with buffalo rat liver cell monolayers in CMRL 1066 and fetal serum. Preliminary investigations on alternative media without coculture, such as the human IVF sequential media G1/G2 or the singleuse media Global (LifeGlobal, ON, Canada), have shown only slight improvements in baboon in vitro developmental rates (our unpublished observations). Certainly, optimizing in vitro culture media will be paramount in improving preimplantation development in the baboon, as shown for other NHP species. 9 Interestingly baboon serum is superior to human serum or bovine serum albumin for inducing capacitation in baboon sperm. [32] [33] [34] Baboons are especially social animals, and we investigated whether housing females in individual cages versus group caging (12-17 females þ 1 vasectomized male) would affect ART outcomes ( Table 2 ). We performed 49 stimulations of individually caged females, collecting 2136 total oocytes (Table 2 ; columns b, c). Only about one third (706) were fully mature at collection or within 6 hours post aspiration ( Table 2 , column d). Nevertheless, an ICSI fertilization rate of 77% was observed ( Table 2 , column E), with 90% cleaving to the 2-cell stage ( Table 2 , column F). Subsequent in vitro development of fertilized zygotes derived from individually caged females showed a significant decrease in cleavage rates ( Table 2 , columns G-K), with only 13 fully expanded blastocyst by day 10 post fertilization (2% of total fertilized 2-pronuclear stage [2PN] zygotes; Table 2 , column, L).
For group-housed females, we identified the cycle stage of individual females from the appearance of the sex skin tumescence. Menstruating females were administered hormonal shots using the chute system as described in the Methods section. From a total of 47 group-housed females, we collected 1746 oocytes ( Table 2 , column b,c), slightly less than the total oocytes collected from single-housed females (45% vs 55%, respectively). The overall rates for mature oocytes collected, ICSI fertilization success, and first cleavage division did not differ significantly between group-housed and individually caged females ( Table 2 , column d-f). In addition, we observed similar declines in baboon in vitro development rates after second division ( Table 2 ; columns g-l), with only 9 expanded blastocysts produced from normal ICSI fertilized oocytes in the group-housed females (2%; Table 2 , column L).
In Vitro Fertilization and Preimplantation Development to Expanded Blastocysts
A timeline of baboon in vitro development is shown in Figure 1 . The developmental characteristics of ICSI fertilized zygotes are similar to those reported for other macaques 54, 83 : male and female pronuclear formation occurs between 4 to 6 hours post-ICSI fertilization, first cleavage between 22 and 48 hours post-ICSI, 8-cell stage by day 4 post-fertilization, morula by day 6 to 7 post-ICSI, and expanded blastocyst by 8 to 12 days post-ICSI for embryos grown in the CMRL coculture system. For derivation of baboon stem cell lines, day 9 expanded blastocysts are superior to earlier or later stage blastocysts. 79 Analysis of the baboon ICSI fertilization process by TLVM is shown in Figure 2 . Second polar body elicitation occurs between 2 and 4 hours post sperm injection ( Figure 2B, Pb2) . The female pronucleus forms near the site of second polar body formation and rapidly migrates to the male sperm head, decondensing near the oocyte's cortex ( Figure 2C , D; arrowhead, female pronucleus; arrow, male pronucleus). Pronuclear apposition is nearly always eccentric in the cytoplasm and radial, with the male pronucleus nearest the cortical region and the female pronucleus distal (Figure 2E-K) . Pronuclear envelope breakdown (NEBD) is sequential but not simultaneous, with male NEBD generally preceding female NEBD by a few minutes ( Figure 2L , M, arrow: male pronucleus). Cleavage furrow initiation occurs predominately at the cortical region, adjacent to where the intact male pronucleus formerly resided in the cytoplasm prior to NEBD, and transverses the cytoplasm asymmetrically to the opposite cortex ( Figure 2N -R, arrow, cleavage furrow) as the polar bodies rotate into the furrow to lie between the interface of the opposing daughter nuclei ( Figure 2Q-S, Pb2 ). Nuclear reconstitution occurs in the daughter cells at the end of cell division, and occasional polyploidy blastomeres can be observed ( Figure 2T , arrowheads, nuclei). These early motility events accompanying the fertilization process are mirrored in macaque primates but are distinct from other mammals, including humans. 7, 8, 84, 85 
Embryo Transfer Results
To assess ART baboon embryo quality, growing embryos at various developmental stages were transferred to recipient females for pregnancy establishment (Table 3) . Unlike other NHPs, baboon cycle staging for recipient can be done without invasive blood draws. Using careful daily recordings of the sex skin appearance over a period of months, a record of each female's predicted ovulation event can be determined with good accuracy. [72] [73] [74] [75] [76] Also, in a majority of baboons, the cervix can be easily cannulated to perform noninvasive intrauterine embryo transfers. This latter advantage permits the transfer of late preimplantation stage embryos (i.e., morula and/or blastocyst) after in vitro culturing.
As shown in Table 3 , 26 embryo transfers were performed on recipients of known fertility and who had previously successfully carried a fetus to term. In all, 21 laparoscopic transfers were performed using ICSI embryos between 1-cell-to-morula stages ( Table 3 , column 5). The recipient females ranged from 1 to 6 days post ovulation, with the majority of cleavage stage embryos transferred into recipients at days 3 to 5 post ovulation ( Table 3 , column 2). We observed 11 (52%) of 21 embryo transfers with suspected pregnancy call as visualized by skin coloration (Table  3 , summary table, column 4). A single pregnancy from 11 called pregnancies by sex skin coloration (9%) was successfully carried to full term, produced by the transfer of 6 ICSI fertilized 1-cell zygotes into a day 3 recipient (Table 3, column 7) . As shown in Figure 3 , this female recipient was called pregnant by skin coloration on day 20 post-embryo transfer ( Figure 3A) and twin male baboons that appeared morphologically normal were born 165 days post-embryo transfer ( Figure 3B , C; ''Art'' ¼ 618 g; ''Tony'' ¼ 638 g).
An additional 5 embryo transfers by intrauterine cannulation were performed on recipients 2 to 7 days post ovulation ( Table 3 , columns 2 and 4) and with embryos from pre-morula through expanded blastocyst stage ( Table 3 , column 5). From 26 embryos transferred by intrauterine cannulation, a single recipient showed pregnancy sex skin coloration at day 10 post transfer but this female spontaneously aborted on day 12 (Table 3 , Column 7). Pathology analysis of collected aborted tissue suggested the presence of both fetal and placental cells. Collectively, the results suggest that baboon ART produces viable pregnancies leading to birth of normal young as well as the establishment of stable PSC lines. 79 
Discussion
The successful generation of live baboon offspring using all the methods involved in ART, including ICSI, is presented here. It is important to recognize that each NHP species requires optimization for ART protocols, and whereas success rates continue to improve with humans now 30 years after the introduction of ART, we may anticipate that additional research will improve on the results presented here. Indeed, results with macaques started at modest levels and now as results have improved considerably, we have specialty rhesus which were generated by ART-including transgenic monkeys, 86 especially the ones expressing Huntington disease, 87 ones generated after cytoplasmic transplantation, 51 others using elongated spermatids and testicular sperm (elongated spermatid injection [ELSI]), 51 some made after embryo splitting, 86 along with the ones with discordant mitochondria. 88, 89 Methods which generate live ART offspring in baboons, as shown here with twins born naturally, represent another step in the progression to develop and optimize protocols for utilization of this understudied primate for biomedical and behavioral research. It is certainly anticipated that the benefits of this model will encourage significant improvements in these procedures. These benefits that are complementary to rhesus, include the obvious changes in sex skin color as a bioassay in lieu of daily blood draws and ELISA hormone testing; docile natures; straight cervix for nonsurgical embryo transfer as well as eventually ultrasound-guided oocyte aspirations; ready availability of pedigreed colonies, cost-effectiveness, colonies expressing complex disease traits; evolutionary closeness to humans; and well-defined coat characteristics that differ among different strains.
Because of the history of discoveries with rhesus, sober arguments are necessary for justifying the development of a different-albeit related-Old World primate model. We propose that the NHP research community would prosper even more with the availabilities of reliable experimental protocols for baboons for several reasons that are all complementary to the rationales for rhesus and other macaque investigations. These include the high cost of rhesus, which can be many times that of a similar baboon; the relative unavailability of rhesus compared with the readily available baboons; the advantages of the female baboons sex-skin, which serves as an obvious biomarker for menstrual cycle stage; the relative docility of baboons versus macaques; their relative similarities in size, anatomy, and physiology to humans, as well as the availability of multiple generations of pedigreed baboons for which complex human disease phenotypes are being characterized. Protocols for baboon ART are now generating live offspring by ART and further improvements can be anticipated by this and other teams. 32, 33 Yet, one reason why NHPs are not fully contributing to bridging the intellectual and biomedical gaps between rodents and people is because of the continuing and significant limitations in NHP research resources. Our intent here has been to enrich the available research resources for reproductive, developmental, genetic, and regenerative medical studies by adding baboons to our research armamentarium.
Baboons are even more closely related to humans than macaques. 11, 12 Yet macaques, especially rhesus monkeys of Indian origin, have earned the claim as the currently most popular NHP model for primate research. There are many justifications for this, including the decades of superb research that has established a strong foundation on which other primate investigations can build their own research discoveries. These include areas of immunohistocompatibility 90, 91 and endometriosis (reviewed by ref 25, 92) . Although HIV/AIDS models in simians 93 fall short of the perfect mark when matched with laboratory mice, in light of certain biomedical and preclinical fields, their utilities are inestimable. For example, the triplet nucleotide repeat diseases, including Huntington, can be generated in mice but they do not display clinical phenotypes. Recently, a Huntington rhesus model was generated that appeared to faithfully mirror the genetic and physiological ravages of this devastating neurodegenerative disease. 87 In stem cell research, investigators working with NHPs have pioneered stem cell technologies later extrapolated to humans, such as the first ESC derivations 94 , parthenogenetic ESCs 61 , and even preparing ESCs established from cloned blastocysts. 65 Intrinsic interests in human biology, as well as important medical investigations, are generating increasing pressure to develop reliable and responsible fundamental and preclinical biological models. In this context, it may be worthwhile to briefly analyze the strengths of animals models that are currently popular and some of the reasons why they are now favored over their related predecessors. Mouse models, for which the Nobel Prizes in Physiology and Medicine were awarded in 2008, have unrivalled genetic pedigrees extending well over a century, unsurpassed transgenic and knockout/in malleability, not to mention mouse ESCs unique capability to contribute to chimera with germ line transmission. This, combined with their ease of care, costeffectiveness, public acceptance, and short generation time, has provided compelling justifications for their usage in place of the previously popular laboratory rat model. Similar genetic arguments, combined with cell and developmental advantages, supported the rationales for the zebrafish over other previously popular outbred fish, Xenopus species over outbred Rana, as well as the nematode Caenorhabditis elegans over the previously outbred Ascaris parasite. 95 Although the laboratory mouse will remain the mammal of first choice for biomedical studies, scientific gaps between them and humans mandate NHP models for several crucial fields, including reproductive and developmental biology. 96 Among the NHPs, it is difficult indeed to envision an ape model for many ethical, practical, and regulatory reasons. Lower primates, including lemurs, are of keen importance for evolutionary studies. 97 The New World Primates (NWP), including marmosets, 98 capuchins, 99 and squirrel monkeys, 100 are a branch separate from the hominid lineage but continue to make important contributions. However, only Old World monkeys, which include macaques and baboons, are experimentally tractable species closely related in genetics, anatomy, and physiology to humans (reviewed by ref 101) .
Baboons now join macaques as Old World primate models for ART and other investigations in reproductive sciences, that is protocols for in vitro fertilization, ICSI, preimplantation development to blastocysts, and birth of live young after embryo transfer is successful. This is important for several reasons, including the closer genetic proximity to humans of baboons compared to macaques like the well-studied rhesus monkey. Furthermore, discoveries using discarded specimens from infertile patient couples are leading to novel approaches for diagnosing idiopathic forms of human infertility, 89 and primate confirmations are important. Finally, the availability of the baboon as a research resource complements the more limited macaque.
